Subsurface drainage from thirty-six, 0.4-ha plots was monitored for three years (1990 to 1992) from chisel plow, moldboard plow, ridge till, and no-till systems with continuous corn and corn-soybean rotations. Data were analyzed in four seasonal stages to determine variations in drain flows and nitrate-N contents in drain effluent. The hypothesis of this study was that differences among tillage systems would change during the monitoring season as rainfall patterns varied and as plots were fertilized and cultivated. Forty-five to 85% of the annual nitrate-N loss through subsurface drainage occurred in the spring and fall when crops were not actively growing. These losses, however, were not significantly different among tillage systems. Relative changes in drain fiows and nitrate-N concentrations before and after summer cultivation were similar among the four tillage systems even though no-till and ridge till systems were undisturbed before this time. Nitrate-N losses or concentrations did not increase during the stage following fertilizer application.
shortly after spring tillage. Tillage also disturbs preferential flow paths near the soil surface (Ehlers, 1975) . Although macropores account for a small percentage of the total horizontal surface area, macropore flow accounts for a large portion of the total vertical flux through soil (Dunn and Phillips, 1991; Edwards et al., 1989 ). Preferential flow is nonuniform and bypasses much of the soil matrix. More bypass water flow has been measured in no-till soil than in moldboard plowed soil (Wu et al., 1995) . Singh and Kanwar (1991) also measured more immobile pore-water in soil colunms from no-till plots compared to columns from conventionally tilled plots.
In addition to altering water flow, tillage incorporates crop residue, enhancing decomposition and altering microbial activity in soil. More organic matter, nutrients, and soil enzymes accumulate near the surface of no-till soil compared to conventionally tilled soil (Blevins et al., 1983; Dick et al., 1991; Rice and Smith, 1984) . Doran (1980) also measured more aerobic microorganisms, facultative anaerobes, and denitrifiers in the top 7.5 cm of no-till soil than in the same depth of plowed soil. However, these differences were reduced or reversed with depth. Over the entire soil profile, plowed soil had greater mineralization and nitrification potential, while no-till soils had greater denitrification potential.
Drain flow and nitrate-N leaching differences between tilled and untilled soils are unclear. Nitrate-N leaching may decrease as bypass flow increases if percolating water bypasses the soil where nitrate-N is located. Greater infiltration and preferential flow under no-till may result in greater drain discharge, while denitrification and immobilization may decrease the amount of leachable nitrate-N (Dou et al., 1995). Conversely, uniform flow through tilled soil may increase nitrate-N concentration in leachate, but total drain flow may decrease. Randall and Iragavarapu (1995) measured higher subsurface drain flow under no-till than under conventional tillage systems, but total nitrate-N losses were higher under conventional tillage because of higher concentrations. They concluded that tillage systems had minimal impact on nitrate-N losses to subsurface drain flow. Guitjens et al. (1984) noted that management effects on subsurface drainage could not be separated from the natural soil effects.
A three-year study was conducted near Nashua, Iowa, from 1990 to 1992 to determine the effects of conservation tillage and crop rotations on groundwater contamination (Kanwar et al., 1993) . The purpose of this article was to use data from that study to investigate seasonal changes in drain flow, nitrate-N concentration, and nitrate-N loss in subsurface drainage from four tillage systems. It was hypothesized that differences among tillage systems would change during the monitoring season as rainfall patterns varied and as plots were fertilized and cultivated.
MATERIALS AND METHODS

EXPERIMENTAL SITE
The research was conducted at Iowa State University's Northeast Research Farm near Nashua, Iowa. Soils at the site are Floyd loam (fine-loamy, mixed, mesic Aquic Hapludolls), Kenyon loam (fine-loamy, mixed, mesic Typic Hapludolls), and Readlyn loam (fine-loamy, mixed, mesic Aquic Hapludolls) (Karlen et al., 1991) . These soils are moderately well to poorly drained and lie over loamy glacial till. An impermeable layer occurs approximately 3 m below the soil surface.
Tillage, crop rotation, and chemical application practices have not been changed since 1977. Four tillage systems were used-chisel plow (CP), moldboard plow (MP), ridge till (RT), and no-till (NT). Corn-soybean rotation and continuous com treatments were replicated three times in a randomized complete block design on thirty-six, 0.4-ha plots (67 x 58.5 m). Both the com {Zea mays L.) and soybean [Glycine max (L.) Merr.] phases of the corn-soybean rotation were planted each year. Consequently, each year there were 12 plots with com following com (continuous com), 12 plots with com following soybean (rotation com), and 12 plots with soybean following com (rotation soybean).
Both CP and MP systems were plowed in midNovember, except in 1991 when wet weather delayed plowing until the spring of 1992. All crops were cultivated during the growing season for weed control. Wheel traffic was not restricted to specific rows. Crops were planted in rows 75 cm apart with a six-row planter having a 150-cm wheel base. Since the combine had a 225-cm wheel base, four of every six rows had a wheel track during the season.
Anhydrous ammonia was knifed into the soil on all com plots in the spring before secondary tillage on CP and MP systems. Continuous com plots received 200 kg N/ha while rotation com plots received 170 kg N/ha. An additional 4 kg N/ha was applied with the planter as starter fertilizer for com. Soybean plots were not fertilized.
DATA COLLECTION AND ANALYSIS
In 1979, subsurface drains were installed in an east-west direction about 1.2 m deep through the middle and along the north and south borders of each plot. Border drains isolated plots on the north and south sides to reduce chances of cross-contamination between plots. A 9-m grass strip separated the plots on the east and west sides ( fig. 1) .
Center drain lines were routed to individual meter sumps; border drains were not monitored. Each sump contains a sump pump with flow meter. Flow meters were read manually three times per week (typically Monday, Wednesday, and Friday). Water samples for nitrate-N analysis were collected from the sumps when flow meters were read. Samples were only collected when drains were flowing. Water samples were refrigerated until analyzed at the National Soil Tilth Laboratory in Ames, Iowa. Data collection took place when the soil was not frozen from approximately mid-March to the beginning of December.
Subsurface drain flow, nitrate-N loss, and flow weighted nitrate-N concentration data were analyzed on a seasonal stage basis, rather than annually or monthly, to determine how these parameters varied after tillage and fertilizer application. Each year was divided into four stages based on field operations. Stage 1 was defined as the beginning of the monitoring year before fertilizer application and secondary spring tillage occurred. Stage 2 was designated as the period after secondary tillage, but before all plots were cultivated in the summer. The main part of the growing season was selected as stage 3, from summer cultivation to September 1 when crops were approximately mature. Stage 4 was designated as the end of the monitoring year when crop uptake was minimal. Figure l~Plot layout at the Nashua water quality site. and flow weighted nitrate-N concentrations were made for each seasonal stage.
RESULTS AND DISCUSSION
Rainfall varied from above normal to below normal during the study (table 2) Different letters designate significant differences between tillage system averages for a stage or year (p -0.05).
Different letters designate significant differences between tillage system averages for a stage or year (p -0.05).
nitrogen in the fall and early spring. Water use by cover crops may also reduce drain flow.
TILLAGE EFFECTS ON SEASONAL CHANGES IN SUBSURFACE DRAINAGE
Secondary spring tillage and summer cultivation did not alter subsurface drainage for a seasonal stage. The NT Tillage significantly affected nitrate-N concentrations in drain effluent. As with drain flow, differences among treatments did not change during the monitoring season. Moldboard plow had significantly higher concentrations than NT and RT under continuous com for 7 of the 11 stages during this study (table 4). Moldboard plow also had significantly higher concentrations than RT and NT for two stages under rotation com and seven stages under rotation soybean (tables 5 and 6).
Concentration ratios or flow ratios were not significantiy different among tillage systems (data not shown). One trend that occurred for all three years was higher nitrate-N concentration ratios for NT and RT under soybean rotation. Concentration ratios were higher because nitrate-N concentrations decreased more between stages 2 and 3 for NT and RT systems than for MP and CP systems. Lack of significant differences in these ratios indicated that summer cultivation did not effect previously untilled NT and RT plots differently than MP and CP plots. (table 7) . Regression equations for a particular stage, however, changed each year as soil and weather conditions changed, and therefore the equations were not predictive. Plotting drain flow against nitrate-N loss was merely another method for viewing and comparing data.
Under continuous com, MP had significantly higher slopes than other tillage systems for all 11 stages of the Study. Moldboard plow also had significantly higher slopes than other tillage systems for six stages under rotation com and eight stages under rotation soybean. Both NT and RT had significantly lower slopes than MP and CP for all stages under continuous com, 9 stages under rotation com, and 10 stages under rotation soybean (table 7) . Higher slopes for MP systems indicate more nitrate-N was lost for every unit of water draining from the plot. Neither mass nor concentration of nitrate-N in drain effluent increased after nitrogen fertilizer was applied. Differences among tillage systems did not change after summer cultivation, even though NT and RT systems had not been tilled before this time. Lack of significant differences in concentration and flow ratios indicate that summer cultivation did not affect previously untilled NT and RT plots differently from MP and CP plots.
Seasonal changes in nitrate-N concentrations can be explained by changes in rainfall and drain flow, but other factors are included. High nitrate-N losses in subsurface drainage before fertilizer application (35 to 65%) demonstrates the importance of considering the entire nitrogen cycle. Inorganic nitrogen, for example, is released in the soil throughout the year by mineralization, not just when fertilizer is applied. Cover crops or nitrogen management practices, such as the late spring soil nitrate test, should be considered for future study to attempt to reduce the early and late season nitrogen losses.
